We used ultrastructural and immunocytochemical technique to follow the movement of human neutrophil elastase (HNE) and porcine pancreatic elastase (PPE) through a living extracellular matrix produced by cultured smooth muscle cells and to campare the effea of the two elastases on elastic fibers in situ. Although both enzymes solubilize elastin purified from these cultures at similat rates, PPE solubilized 11.5 times more elastin from the intact cultures than did HNE. The difference in the rate of elastin solubilization from the cultures parallels the degree of elastic fiber degradation and the emphysema-inducing potency of the two elastases when they are instilled into animal lungs. Immunohistochemical studies employing antibodies to HNE and PPE revealed that ' Supported by grants HL 19717, HL 46902, HL 46338, and HL 13262 PPE penetrates the smooth muscle cell cultures more readily than does HNE. Because the amount of elastin in these cultures increases with increasing distance from the free surface, the lesser amounts of elastin solubilized by HNE may be partly due to poor penetration of HNE into the living extraceU& matrix, resulting in limited access to elastin substrate. Ultrastructural and immunocytochemical studies indicated, however, that even when HNE does have access to elastin substrate, it is less efficient than PPE at penetrating and degrading individual elastic fibers. (JHistochem Cytochem 43:1145-1153, 1995) 
Introduction
Early observations of diseased human lungs led to the hypothesis that disruption of the elastic fiber network plays a role in the development of emphysema (Wright, 1961; Orsos, 1907; Eppinger et al., 1876) . More recently, a study by Fukuda and colleagues (Fukuda et al., 1989) revealed ultrastructural evidence of abnormal elastic fibers in both panacinar and centriacinar emphysema.
A condition resembling human panacinar emphysema can be produced in animal lungs by instillation of elastolytic enzymes, and it was demonstrated by Snider and colleagues (1974) that the severity of the emphysema was related to the enzyme's ability to degrade elastic fibers. Subsequent studies employing human neutrophil elastase (HNE), however, indicated that instillation of HNE results in a milder and patchier lesion than that produced by an equivalent amount of porcine pancreatic elastase (PPE) (Senior et al., 1977) . Senior and co-workers reported that although both enzymes solubilized equal amounts of purified bovine elastin, 3 hr after instillation of 12 U of HNE into hamster lungs the total lung elastin was reduced to 80% of control levels, and instillation of 12 U of PPE reduced total lung elastin to 54% of control levels. These results have been confirmed by other studies employing animal models (Snider et al., 1984; Janoff et al., 1977) , and we recently reported differences in elastic fiber degradation when human lung tissue was exposed in vitro to equal amounts of HNE or PPE (Morris et al., 1993) .
In an effort to further investigate the activities of these two elastases in tissue, we applied the enzymes to a cell culture system that produces significant amounts of insoluble elastin as well as other components of the extracellular matrix (Oakes et al., 1982) . We have previously reported that HNE and PPE solubilize elastin from neonatal rat smooth muscle cell cultures at rates that parallel both the emphysema-inducing potency of these enzymes and the degree of elastic fiber degradation that results from instillation into animal lungs (Stone et al., 1987; Senior et al., 1977) . During the course of these studies, we noted that elastin purified from the cultures was solubilized by HNE and PPE at similar rates. When the enzymes were added to intact cultures, however, the rate of elastin solubilization by HNE was substantially less than the rate of solubilization by PPE. These results suggested that elastin solubilization rates in the extracellular matrix are influenced by more than the ability of HNE and PPE to digest purified elastin substrate. The purpose of the present study was to determine whether ultrastructural, immunohistochemical, and immunocytochemical techniques could be used to identify some of the factors that affect elastic fiber degradation by HNE and PPE when the enzymes are applied to living extracellular matrices.
Materials and Methods

Culture Conditions and Biochemical Analyses
Neonatal rat aorta smooth muscle cell cultures were established and cultured in Dulbecco's modified Eagle's medium containing 3.7 glliter of sodium bicarbonate, penicillin (100 Ulml), streptomycin (100 pg/ml), and 10% fetal bovine serum (Stone et al., 1987) . For each experiment in this study, cell cultures were derived from the same group of neonatal cells. First-passage cells were grown in the absence of sodium ascorbate in 25-cm2 tissue culture flasks. After 6 weeks in first passage, the cell cultures were washed three times with Puck's saline to remove serum. Dulbecco's balanced salt solution (DBSS) with or without elastase was added to each flask and the flasks were incubated for 45 min at 37'C. HNE and PPE, with molecular weights of 29,000 and 25,000 respectively, were purified and characterized as described previously (Morris et al., 1993) . The enzymes exhibited greater than 90% activity by assay with [3H]-elastin. The cell cultures were exposed to 50, 100, or 200 pg of PPE or 50, 100, 200, or 1000 pg of HNE in 5 ml of DBSS. Control cultures were incubated in DBSS without elastase. After incubation the medium was poured off and kept at 2°C. Aliquots of the medium were lyophilized, acid-hydrolyzed, and analyzed by amino acid analysis for elastin (using the elastin-specific amino acid desmosine) and total protein as previously described (Stone et al., 1987) .
Mo@hology
After incubation in either DBSS or DBSS containing HNE or PPE, cell cultures were rinsed with 5 ml of DBSS and were fixed for 4 hr at 4°C in 4% paraformaldehyde buffered with 0.1 M sodium phosphate. The fixed cultures were washed overnight in phosphate buffer containing 3% sucrose and were then infiltrated at 37°C with 20% gelatin. After the gelatin had hardened in the refrigerator for approximately 30 min, the cultures could be stripped from the bottom of the culture flasks and cut into smaller pieces for further processing. The smaller pieces, still embedded in gelatin, were placed in phosphate buffer, warmed to 37°C to dissolve the gelatin, then rinsed briefly in cold phosphate buffer and processed as described below Ultrastructure. Samples of cell cultures were prepared for ultrastructural study by fixation for an additional 2 hr at 4'C in 1% glutaraldehyde buffered with 0.1 M sodium phosphate. The samples were then rinsed in phosphate buffer, post-fixed in 1% 0~0 4 , dehydrated through a graded series of ethyl alcohols, cleared with propylene oxide, and embedded in Polybed (Polysciences; Warrington, PA). Thin sections were cut with a diamond knife on a Reichert ultramicrotome, mounted on collodion-covered nickel grids, and stained with 0.1% palladium chloride (Morris et al.. 1978) for 10 min, followed by 1% aqueous uranyl acetate and lead citrate. Sections were examined with a Philips 300 electron microscope.
Immunohistochemistry. Samples for immunohistochemistry and immunocytochemistry were fixed with phosphate-buffered 4% paraformaldehyde, washed overnight in cold phosphate buffer, removed from the culture flasks as described above, de-gelatinized, and placed in 30% ethyl alcohol at 4'C. As the samples were dehydrated, the temperature was lowered to -40°C. The samples were then infiltrated with bwicryl K4M and the resin was polymerized under uv light at -40°C for 7 days.
One-pm sections of the Lowicryl-embedded cell cultures were cut for immunohistochemistry with glass knives and mounted on glass slides that had been coated with Elmer's glue tissue adhesive (Ortho Diagnostic Systems; Raritan, NJ). The slides were dried on a hotplate at 37'C. Sections were treated with normal goat serum (1:20) in PBS for 30 min, then were covered with antibody to HNE or PPE and left overnight in a moist chamber at 4'C. Antisera to HNE and PPE were raised in rabbits and processed by ammonium sulfate precipitation to obtain the IgG component. Specificity and titer of the antibodies were determined by Ouchterlony analysis . and immunoprecipitation techniques (Morris et al, 1993; Stone et al., 1982) . For immunohistochemical studies on neonatal rat smooth muscle cell cultures, antibody dilutions of 1:25-1:800 were tested. Dilutions of 1:100-1:200 were found to be optimal for both anti-HNE and anti-PPE. To eliminate nonspecific binding of the elastase antibodies to rat elastin, the antibodies (as well as pre-immune rabbit IgG that was used as a control) were adsorbed against an excess of purified neonatal rat smooth muscle cell elastin before use. The pre-adsorbed antibodies were used for both light and electron microscopic studies. After incubation in primary antibody, sections were washed in PBS (three times for 10 min) and exposed for 60 min to goat anti-rabbit IgG conjugated to 5-nm colloidal gold (Janssen Pharmaceutica; Beerse, Belgium). After exposure to the secondary antibody, sections were washed in PBS and rinsed in distilled water. The colloidal gold signal was amplified by silver enhancement using the Intense M reagents and method provided by Janssen Biotech ( O h , Belgium). After silver enhancement, the sections were stained for 1 min with a light green counterstain, air-dried, and covered with Merckoglas (Merck; Darmstadt. Germany).
Immunocytochemistry. Thin sections of Lowicryl-embedded tissue were cut with a diamond knife and were mounted on collodion-covered nickel grids. Sections were treated for 30 min at room temperature with a blocking solution that consisted of normal goat serum (diluted 1:5 in PBS), 0.1% bovine serum albumin (BSA), and 0.05% Tween 20 (Fox et al., 1988) . and were then incubated overnight at 4'C in primary antibody in PBS that contained 1% BSA. After exposure to primary antibody, sections were rinsed three times (10 min each time) in PBS, treated for 10 min with 1% BSA in PBS, and then exposed for 60 min to a secondary antibody conjugated to 15-nm colloidal gold particles (diluted 1:7 in PBS containing 1% BSA). Sections were rinsed again in PBS (three times for 10 min) and were stained with 0.01% palladium chloride (1 min) and lead citrate (2 min).
Controls for these immunocytochemical studies, as well as the immunohistochemical studies described above, consisted of PBS or pre-immune rabbit IgG in place of primary antibody, pre-adsorption of primary antibody with excess antigen, and the use of HNE as primary antibody on PPE-treated tissue and PPE as primary antibody on HNE-treated tissue.
Results
Biochemistry
When 50, 100, or 200 pg of HNE or PPE was applied to the 6-week-old cell cultures, PPE solubilized a mean of 11.5 times more elastin than did an equivalent amount of HNE (Table 1) . A portion of this was the result of greater proteolysis of cell culture material by PPE, as reflected by solubilization of a mean of 2.2 times as much non-elastin protein by PPE compared with HNE. The net effect was that cell culture protein that had been solubilized by HNE compared with PPE was relatively deficient in elastin. There was a linear dose-response relationship between the amounts of PPE added to the cultures and the amount of elastin solubilized. Exposure of a single cell culture to 1000 pg of HNE resulted in the solubilization of 1802 pg of elastin and 4671 pg of total protein; this was roughly equivalent to the amount of elastin and total protein solubilized by 200 pg of PPE.
Ultrastractare of Cultares
At 6 weeks the neonatal rat smooth muscle cell culture consists of alternating layers of cells and connective tissue (Figure la) . Under the conditions employed to culture the cells, i.e., the absence of sodium ascorbate in the culture medium, elastic fibers predominated in the connective tissue layers and only a small amount of collagen was seen. The amount of elastin in these 6-week-old cultures increased with distance from the free surface. Near the free surface of the culture, elastin was present in small discrete structures. With increasing depth there was an increase in the number of elastic fibers as well as an increase in the size of the individual fibers. The bottom half of the culture exhibited layers of elastin that filled most of the space between the layers of cells, as has previously been reported (Oakes et al., 1982) . Electron microscopic examination of cell cultures treated with 50 pg of PPE revealed many areas in the cultures in which the amount of elastin in the layers between the cells appeared to be diminished (Figure 1b ). This thinning of elastin layers was observed at all depths of the cultures and suggested that 50 pg of PPE was able to penetrate all cell layers within the 45-min incubation period used for these studies and was able to solubilize elastin from all elastin layers, including the layer immediately adjacent to the plastic surface of the culture flask. In addition to thinning, this bottom elastin layer also showed evidence of fragmentation in many areas. At higher concentrations of PPE, increasing amounts of elastin were missing from the cultures ( Figure IC) . After exposure to 200 pg of PPE, many areas were observed in which layers of elastin could no longer be distinguished and only fragments of elastin remained ( Figure Id) .
Elastin layers in cultures that had been treated with 50 pg of HNE resembled those of control cultures in all areas (Figure le) . No thinning was observed, and the bottom layer of elastin remained intact. Elastin layers in cultures treated with 100 pg of HNE were also indistinguishable from controls at the low magnifications used for this phase of the study ( Figure If) . After treatment with 200 pg of HNE, the elastin layers in the top half of the culture showed indications of fragmentation in some areas. Substantial amounts of elastin were always present between cell layers in the bottom half of the cultures, however (Figure lg) . Exposure of the cultures to 1000 pg of HNE resulted in obvious loss of elastin from many areas of the culture ( Figure Ih) , but even at this high concentration of enzyme, fields were often seen in which considerable amounts of elastin remained, particularly in the bottom half of the culture.
In general, loss of elastin from HNE-treated cultures was accompanied by considerably more cell damage than was apparent in PPE-treated cultures. There was always at least one layer of flattened cells covering the top of these cultures. After incubation in as little as 100 pg of HNE, cells near the top of the culture frequently appeared rounded. With increasing concentration of enzyme there was an increasing incidence of exposed connective tissue as cells detached from the surface ( Figure Ig) . After treatment with 1000 pg of HNE, many areas appeared to have lost several layers of cells from the apical half of the culture ( Figure Ih) and damaged cells were evident in all remaining layers of such areas. This damage consisted of rounded cells, cells exhibiting large vacuoles in the cytoplasm, and lysed cells. The degree of cell damage appeared to correlate with the amount of elastin that had been solubilized from a region by the HNE. In PPE-treated cultures, extensive damage to elastic fibers occurred in regions in which the cells showed little evidence of injury (Figure Id) .
Immunohistochemistry of Cultures
The differences in penetration of HNE and PPE into the cultures that was suggested by the low-magnification transmission electron microscopy described above was confirmed by immunohistochemistry at the light microscopic level. After exposure to 50 pg of PPE, antibody to PPE was bound to elastic fibers at all depths in the culture (Figure 2b) . With 100 pg of PPE, elastic fibers were still labeled at all levels but the intensity of the labeling appeared to be diminished, particularly near the top of the culture (Figure 2c ). This is most likely a reflection of the loss of elastin from the culture as a result of solubilization by PPE. After exposure to 200 pg of PPE, many areas showed no labeling, and in areas where labeling was found, the signal was considerably diminished (Figure 2d ).
Cultures exposed to 50 pg of HNE showed no evidence of HNE bound to elastic fibers at the light microscopic level (Figure le) . Doubling the concentration of enzyme to 100 pg resulted in labeling of elastic fibers in the top one to two layers of the culture (Figure 2f) . Labeling was more intense after exposure to 200 pg of HNE but was always confined to the elastic fibers in the top half of the culture (Figure 2g ). Penetration to the bottom layers of elastin was seen after exposure to 1000 pg of HNE, but light microscopy also . b indicated that this penetration was accompanied by substantial loss of cells and connective tissue (Figure 2h ). Elastic fibers in control cultures that were incubated in DBSS with no added enzyme were not labeled by antibody to either HNE or PPE (Figure 2a ). Elastic fibers in elastase-exposed cultures showed no evidence of labeling when pre-immune rabbit IgG or antibody pre-adsorbed with an excess of antigen was substituted for the appropriate primary antibody. In addition, elastic fibers were unlabeled when anti-PPE was used as the primary antibody on sections of HNE-treated cultures or when sections of PPE-treated cultures were incubated with anti-HNE.
Ultrastructure of Damaged Elastic Fibers
Examination of elastic fibers in cultures incubated in DBSS with no added enzyme revealed two distinct morphological forms (Figure 3a) . Clumps of amorphous material similar to the elastic fibers seen in many organs were easily identified as elastin. Also present in these cultures were strands of material which, at high magnification, appeared to be composed of small globules that resembled amorphous elastin (Figure 4a ). These globules were linearly arranged and gave the appearance of a string of beads. That the globules are elastin was confirmed by Faris and co-workers (1986) . who stained c f the strands with an antibody to a-elastin. Microfibrils, which are usually associated with elastic fibers in vivo, were infrequently seen in association with the elastic fibers of the cultures. This paucity of microfibrils has also been noted by other investigators (Oakes et al.. 1982; Hinek and Thyberg, 1977) . Both amorphous elastic fibers and elastin strands were present at all depths in the 6-weekold cultures used for this study.
When the cultures were exposed to 200 pg of PPE. both the clumps of amorphous elastin and the elastin strands were less electron-dense after staining with palladium chloride and uranyl acetate than elastic fibers in untreated cultures (Figures 3c and 4c) . The elastin strands gave the appearance of "unraveling" previously described by Faris and colleagues (1986) . while the amorphous clumps of elastin exhibited fraying at the edges and a mottled interior. HNE appeared to preferentially degrade the elastin strands (Figures 3b and 4b) . The amorphous clumps of elastin remained compact and elastin-dense. and the only difference between the amorphous clumps in HNE-treated cultures and in untreated cultures was a slightly frayed appearance around the edges of the clumps after exposure to HNE. The elastin strands, on the other hand, appeared to be thinner and more mottled after incubation in HNE. An electron-dense core, however, usually remained at the center of these strands. 
Immunocytochemistry of Damaged Elastic Fiben
The indication that PPE was degrading both morphological forms of elastic fibers in these cultures, whereas HNE showed a preference for the elastin strands, was confirmed by immunocytochemistry. When sections of the cultures incubated in PPE were exposed to antibody to PPE followed by a secondary antibody conjugated to colloidal gold, the gold particles were distributed over the amorphous clumps of elastin as well as the elastin strands (Figure 4f) . No differences were observed between the amount of label at the edges of the amorphous elastic fibers and over the interior of these fibers. In the cultures incubated in HNE and exposed to antibody to HNE followed by colloidal gold-conjugated secondary antibody, only the elastin strands were heavily labeled with colloidal gold particles (Figure 4e ). Relatively few gold particles were associated with the amorphous elastic fibers, and the gold particles that were observed appeared to be concentrated at the periphery of these fibers. This pattern of labeling persisted even after exposure to 1000 pg of HNE, although more gold particles were associated with amorphous elastic fibers than after exposure to lower concentrations of HNE, these particles were still clustered at the edges of the fibers.
The elastic fibers in cultures incubated in DBSS without added elastase were not labeled by either anti-HNE or anti-PPE. Elastic fibers in untreated cultures, as well as elastase-treated cultures, showed no evidence of labeling when rabbit IgG was substituted for primary antibody or when primary antibody was pre-adsorbed with an excess of antigen. Likewise, elastic fibers in cultures exposed to PPE were not labeled by antibody to HNE, and antibody to PPE showed no evidence of binding to elastic fibers in cultures exposed to HNE.
Discussion
The results of this study, as well as those ofprevious studies (Morris et al., 1993; Stone et al., 1987) , indicate that PPE is a more efficient elastase than HNE when these enzymes are applied to extracellular matrices. Significant differences in enzyme properties between the two elastases arise from their different structures and functions (Boudier et al., 1980; Baugh and Travis, 1976) . For example, there is no immunologically detected crossreactivity between HNE and PPE (Baugh and Travis, 1976) .
Although PPE and HNE solubilize elastin purified from neonatal rat smooth muscle cell cultures at a comparable rate (Stone et al., 1987) , PPE solubilizes a mean of 11.5 times more elastin than does HNE when equivalent amounts of these enzymes are applied to intact cultures. The present study indicates that differences in the ability to move through tissue may be one of the factors contributing to differences in the rate of elastic fiber degradation in extracellular matrices. Low-magnification electron microscopy and light microscopic immunohistochemistry revealed that in the 45min incubation period used for these studies, 50 pg of PPE was able to digest elastic fibers from all layers of the cell culture. Fifty pg of HNE, on the other hand, appeared to have little effect on the cultures, and 100 and 200 pg of HNE penetrated no deeper than the top half of the culture. Because ultrastructural examination indicated that the amount of elastin between layers of smooth muscle cells increases with increasing distance from the free sur-face, the small amounts of elastin solubilized by pg of HNE may be partially explained by limited access to elastin substrate.
A second finding of the present study is that HNE appears to have difficulty penetrating individual elastic fibers. When the cultures were exposed to 200 pg of PPE, both the strands of elastin and the amorphous clumps showed evidence of degradation. HNE appeared to preferentially attack the strands of elastin. The electrondense core that often remained in the strands suggests that penetration by HNE of even this type of elastic fiber may not have been as extensive as that achieved by PPE. The amorphous clumps of elastin showed minimal damage by HNE, and all evidence of degradation was limited to the edges of these fibers. Immunocytochemistry confirmed the ultrastructural evidence and revealed no obvious differences in the distribution of PPE over the elastin strands and the amorphous clumps. There also appeared to be no differences in the amount of PPE at the periphery and in the interior of the amorphous clumps. HNE, however, was preferentially bound to the elastin strands, and when observed in association with the amorphous clumps of elastin it was almost always located at the periphery of these structures. These results suggest that even when HNE gains access to adequate amounts of elastin substrate in an extracellular matrix it is not able to degrade elastic fibers as efficiently as does PPE.
The apparent preferential degradation of the elastin strands by HNE raises questions about the difference between this type of elastic fiber and the amorphous clumps. If the elastin strands are composed of small linearly arranged globules of amorphous elastin, the strands may represent increased surface area and therefore more elastin available to the HNE. Another possibility, however, was proposed by Hinek and Thyberg (1977) , who described the elastin strands in smooth muscle cell cultures as immature elastic fibers. These authors suggested that the small globules that comprise elastin strands may be composed of weakly or not yet cross-linked "proelastin'' molecules, as hypothesized by Kldlr (1974) . If this is the case, either the absence of or the low incidence of cross-links may facilitate penetration by HNE into this type of fiber. Support for this explanation was provided by Tinker and colleagues (1990) , who reported that decreased cross-linking of elastin in copper-deficient chicks rendered the elastin more susceptible to degradation by proteolytic enzymes found in serum. In addition, Hinek and Thyberg (1977) have suggested that the continued growth of elastic fibers in the extracellular matrix produced by neonatal smooth muscle cells is the result of the deposition of newly synthesized material on preexisting elastic fibers. If this newly synthesized material is located primarily at the edges of the fibers, then the localization of HNE at the periphery of the amorphous clumps of elastin and the apparent restriction of damage to these peripheral areas may represent preferential degradation of immature elastin by HNE.
There appears to be a very strong link between cigarette smoking and the development of emphysema. Although it is likely that several types of cells and proteases are involved in the pathogenesis of the disease (Tetley, 1993; Snider, 1992) , the presence of increased neutrophils and neutrophil elastase in the lungs of smokers (Hunninghake and Crystal, 1983; Janoff et al., 1983) , coupled with experimental evidence of a link between elastase, elastic fiber degradation, and airspace enlargement (Yi-min et al., 1990; Damiano et al., 1986; Blackwood et al., 1984; Kuhn et al., 1980; Janoff et al., 1977; Senior et al., 1977) , points to a key role for neutrophil elastase in the development of emphysema. It has been hypothesized that the lung is able to repair small amounts of damage to connective tissue and emphysema develops only when repair processes can no longer keep pace with injury (Collins et al., 1978) . Studies of animal models indicate that elastin solubilization after a single instillation of elastase is followed by a period of repair during which elastin is resynthesized (Kuhn et al., 1976) . Human emphysema is believed to be a chronic process in which there are repeated elastolytic insults to the connective tissue of the lung. If this is the case, the balance between injury and repair processes in the lung may be altered if newly synthesized elastin is exposed to HNE before cross-linking is complete and before the fibers develop the resistance to degradation by HNE that the present study and earlier studies by other groups suggest may be associated with more mature elastic fibers.
In addition to a possible role in the pathogenesis of emphysema, the degradation of elastic fibers by neutrophil elastase may also contribute to the development of other conditions, such as polyarteritis Uanoff, 1985) , lymphangiomyomatosis (Fukuda et al., 1990) , pathological skin disorders, and normal aging of skin (Starcher and Conrad, 1995; Godeau and Hornebeck, 1988) . Insights into the process of elastic fiber degradation by neutrophil elastase may therefore be applicable to these conditions as well.
